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This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating, radioactivity,
and shielding applications over the incident proton energy range
from 1 to 150 MeV. The evaluation utilizes MF=6, MT=5 to
represent all reaction data. Production cross sections and
emission spectra are given for neutrons, protons, deuterons,
tritons, alpha particles, gamma rays, and all residual nuclides
produced (A>5) in the reaction chains. To summarize, the ENDF
sections with non-zero data above are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary

Elastic (p,p)
ratios of the

(p,n’) and (p,x) reactions

angular distributions given
differential nuclear-~lus-.

interference to the integrated value.

Production cross sections and enerqy-anqle

as

distributions for emission neutron~~ pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that have
been benchmarked to experimental data, especially for n +93Nb and
p +93Nb reactions (Ch98) . We use the GNASH code system (Y092) ,
which utilizes Hauser-Feshbach statistical, preequilibrium and

, direct-reaction theories. Spherical optical model calculations are
used to obtain particle transmission coefficients for the Hauser-
Feshbach calculations, as well as for the elastic proton angular
distributions .

Cross sections and spectra-for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections..-wpert~~w~eded ir. t.% course. of tie
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission



coefficients were calculated using the Kopecky-Uhl model (K090) .

SPECIFIC INFORMATION CONCERNING THE NB-93 EVALUATION

The following optical potentials were used in the GNASH
calculations . For incident neutrons, the Wilmore-Hodgson
potential was used below 15 MeV, and the Madland potential (Ma88)
was used at higher energies. For incident protons, the
Becchetti-Greenlees (Be69) potential was used up to 50 MeV, above
which the Madland potential (Ma88) was used. In both cases, the
matching energy between the potentials was chosen to result in
continuity of the reaction cross section. For protons at 50 MeV
the reaction cross section (and transmission coefficients) was
renormalized slightly to smoothen the transition between the
potentials. The Perey (Pe63) potential was used for indident
deuterons. For tritons, the Becchetti-Greenlees (Be71) was used
up to 80 MeV, above which the Watanabe potential was used. The
Moyen (McFadden Satchler) (Mc66) potential was used for alpha
particles over the whole energy range.

Direct inelastic scattering to low-lying states in Nb93 was
determined as follows. Coherent excitation of 2+ and 3-
vibrations were assumed to be fragmented over Nb93 states, after
coupling these excitations with the 4.5+ core. The magnitudes of
the deformation lengths of 2+ and 3- excitations was obtained by
fitting values of 34 and 46 mb respectively at 14 MeV, obtained
in ref. (Ch93) and accounting for measurements well. This
strength was then fragmented over Nb states. For the 3-
excitationr the 7 states are in the “continuum” region of the
GNASH calculation at approximately 2.5 MeV, with spins 1.5-,2.5-,
.,,7.5-. For the 2+, the 5 states (2.5+,3.5+, ...6.5+) near 1 MeV
were assumed to be those whose inelastic cross section in the
existing ENDF <20 MeV file are significant (note that the ENDF
file below 20 MeV appears to incorporate inelastic information
only up to 5 MeV for many states, >fter which a value of zero
20 MeV was inserted) .

Experimental data is used to benchmark the calculations. For
incident neutrons, experimental neutron emission spectra data
exist at 20 and 26 MeV by Marcinkowski (Ma83) . For incident
protons, spectra data exist at 14 and 26 MeV by Watanabe et

at

al . (Wa97) , and at 65 MeV by Sakai et al (sa80j . Our evaluation
agrees reasonably well with these measurements.

**************** **************** ***************** ***************
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= TARGE!c 1000Z+A (if A=O then elemental)
= PROJ?3CTXLE 1000Z+A
Lastic, elastic, and Production cross sections for A<5 ejectiles in barns:

w nonelaa elastic neutron. proton . deuteron tri.ton heliud alpha ,
J,

ga.mlna

. — ..,,.” .,,... ..”

E+oo 1.S58E-05 0.000E+OO 3.450E-09 0.000E+OO 0.000E+OO 0.000E+oo 0.000E+oo 1.602E-05 1.31,2E-os
E+OO 1.640E-03 0.000E+.00 2,361E-06 E.393E-lo o.000E+oo o.000E+oo o.Ooo~+oo 1.559E-03 1.o15n-03
E+OO 1.851E-02 0.000E+OO 1.427E-02 3.074E-05 0.000E+OO 0.000E+OO 0.000E+OO 4.055E-03 2.668E-02
s+00 8.703E-02 0.000E+OO 7,961E-02 5.689E-04 0.000E+OO 0.000E+OO 0.000E+OO 6.442E-03 1.729E-01
wOO 2.125E-01 0.000E+OO 1.972E-01 3.368E-03 0.000E+OO 0.000E+OO 0.000E+OO 1.117E-02 5.063E-01
S+oo 3.762E-01 0.000E+oO 3.477E-01 1.047E-02 0.000E+OO 0.000E+OO 0.000E+OO 1.687E-02 1.026E+O0

:+00 5.440E-OL 0.000E+OO 4.984E-01 2.121E-02 6.825E-09 0.000E+OO 0.000E+OO 2.297E-02 1..649E+OO
+00 6.884E-01 0.00oE+OO 6.243E-01 3.300E-02 3.445E-08 0.000E+OO 0.000E+OO 2.967E-02 2.278E+O0
+01 8.139E-01 0.000E+OO 7.471E-01 4.670E-02 1.190E-06 2.836E-I.1 0.000E+OO 3.581E-02 2.849E+O0
tOl 9.107E-O1 0.000B+OO 8.931E-01 6.336E-02 3.370E-05 1.963s-08 0.000E+OO 4.144E-02 3.175E+O0
*O1 9.901E-01 0.00oE+OO 1.066E+O0 1.020E-01 3.745E-04 2.668E-07 0.000E+OO 4.600E-02 3.264E+O0
.01 1.060E+O0 0.000E+OO 1.334E+o0 1.300E-01 1.249E-03 5.230E-06 0.000)s+00 4.977E-02 3.325E+O0
01 1.122E+O0 0.000E+OO 1.561E+o0 1.5s2E-01 2.76SE-03 3.748E-05 0.000E+OO 5.271E-02 3.S18E+O0
01 1.I,7SE+O0 0.000E+OO 1.707E+o0 1.903E-01 5.253E-03 1.299E-04 0.000E+OO 5.505E-02 3.815E+O0
01 1.222E+O0 0.000E+OO 1.795E+O0 2.321E-01 8.276E-03 2.976E-04 0.000Is+OO E..587E-O2 4.178E+O0
01 1.261E+O0 0.000E+OO 1.851E+o0 2,731E-01 1.Z68E-02 S.515E-04 0.000E+OO 5.730E-02 4.540E+O0
11 3..294E+OO 0.000E+OO 1.891E+O0 3,093E-OZ 1.530E-02 8.755E-04 0.000E+OO 5.849E-02 4.886E+O0
)1 1.322E+O0 0.000jz+OO 1.923E+O0 3.401E-01 1.901E-02 1.253?s-03 0.000S+00 5.937E-02 5.205E+O0
(1 1,345E+O0 0.000?2+00 1.951E+O0 3.713E-01 2.213E-02 1.639E-03 0.000E+OO 6.012E-02 5.386E+O0
1 1.378E+O0 0.000E+OO 2.014E+O0 4.894E-01 2.917E-02 2.498E-03 0.000E+OO 6.041E-02 5.415E+O0
1 1.401E+O0 0.000E+OO 2.094E+O0 6.591E-01 3.584E-02 3.338E-03 0.000E+.00 6.003E-02 5.019E+O0
1 1.419E+O0 0.000E+OO 2.217E+O0 7.891E-01 4.230E-02 4.lllE-03 0.000E+OO 5.927E-02, 4.671E+O0
1 1.431E+O0 0.000E+OO 2.359E+O0 8.776E-01 4.850E-02 4.801E-03 0.000E+OO 5.822E-02 4.442E+O0
1.434E+O0 0.000E+OO 2.486E+O0 9.S66E-01 5.420E-02 5.400E-03 0.000E+OO 5.718x-02 4.274E+O0
1.419E+O0 0.000E+OO 2.681E+O0 1.197E+O0 6.499E-02 6.527E-03 0.000E+OO S.623E-02 4.200E+O0
L.383E+O0 0.000)3+00 2.739E+O0 1.354E+O0 7.143E-02 7.221E-03 0.000E+OO 5.840E-02 4.141E+O0
L.329E+O0 0.000E+OO 2.759E+O0 1.393J3+O0 7.577E-02 7.607E-03 0.000S+00 6.354E-02 4.116E+O0
1.276E+O0 0.000E+OO 2.775E+O0 1.399X+O0 7.859E-02 7.815E-03 0.000X+OO 7.096E-02 4.108E+OO
1.229E+O0 0.000E+OO 2.796E+O0 1.412E+O0 8.061E-02 7,935E-03 0.000E+OO 7.904E-02 4.005E+O0
1.207E+O0 0.000E+OO 2.893E+O0 1.448E+O0 8.206E-02 8.060E-03 0.000E+OO 8.928E-02 3.948E+O0
3..186E+O0 0.000E+OO 2.978E+O0 1.477E+O0 8.274E-02 8.218E-03 0.000E+OO 9.884E-02 3.880E+O0
1.165E+O0 0.000E+OO 2.9963J+O0 1.524E+O0 8.445E-02 8.445E-03 0.000E+oO 1.1OOE-O1 3.572E+O0
L.144E+O0 0.000E+OO 3.081E+O0 1.551E+O0 8.487E-02 8.825E-03 0.000E+OO 1.220E-01 3.544E+O0
L.123E+O0 0.000E+OO 3.161E+O0 1.579E+00 8.520E-02 9.391E-03 0.000E+OO 1.338E-01 3.532E+O0
..102E+OO 0.000E+OO 3.229z+O0 1.61OE+OO 8.594E-02 1.005E-02 0.000E+OO 1.435E-01 3.515E+O0
.083E+O0 0.000E+OO 3.291E+O0 1.639E+O0 8.638E-02 1.082E-02 0.000E+OO 1.523E-01 3.468E+O0
.065E+O0 0.000E+OO 3.351E+O0 1.666E+O0 8.693S-02 1.178E-02 0.000E+OO 1.6Z2E-01 3.425E+O0
.0488!+00 0.000E+OO 3.402E+O0 1.691E+O0 8.752E-02 1.276E-02 0.000E+.00 1.686E-01 3.41OE+OO
,018E+O0 0.000E+OO 3.501E+O0 1.749E+O0 8.833E-02 1.504E-02 0.000E+.00 1.829E-01 3.333E+O0
937E-01 0.000IS+OO 3.587E+O0 1.803E+O0 9.019E-02 1.754E-02 0.000E+OO 1.952E-01 3.278E+O0
757E-01 0.000E+OO 3.68SE+O0 1.864E+O0 9.092E-02 2.045E-02 0.000E+OO 2.082E-01 3.246E+O0
654E-01 0.000E+OO 3.793jf+O0 1.929E+O0 9.375E-02 2.367E-02 0.000E+OO 2.211S-01 3.246E+O0
61OE-O1 0.000E+OO 3.889E+O0 1.997E+O0 9.635E-02 2.677E-02 0.000E+OO 2.317E-01 3.240E+O0

1000Z+A (if A=O then eleamntal)
!TILE 1000Z+A
Saion energies for A<5 ejectiles in MeV:
tron proton deuteron triton helium3 alpha munma

17E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 7.014E+O0 2.159E+O0
i8E-01 2.383.E+OO 0.000E+OO 0.000E+OO 0.000E+.00 8.0331c+O0 1.956E+O0
‘7E+O0 2.922E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.868E+O0 1.096E+O0
8E+O0 3.760E+O0 0.000E+OO 0.000E+OO 0.000E+OO 9.666E+O0 1.240E+O0
5E+O0 4.455E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.023E+01 1.392E+O0
5E.tOO 5.033.?4+00 0.0003%00 0.000E+OO 0.000E+OO 1.076E+01 1.519E+O0
LIWOO 5.583E+O0 1.2113!+00 0.000E+OO 0.000E+OO 1.124E+01 1.650E+O0

~E+oo 6.106~+00 2.127E+O0 0.000E+OO 0.000E+OO 1.168E+01 1.770E+o0
E+OO 6.620K+O0 2.868E+O0 1.568E+O0 0.000E+OO 1.209E+01 1.857E+O0
E+OO 7.068E+O0 3.946E+O0 2.S26E+O0 0.000E+OO 1.249E+01 1.892E+O0
E+OO 6.533E+O0 4.7353M.00 3.329E+O0 0.000E+OO 1.288E+ol 1.867E+oO_
t+OO 6.875E+O0 5.452E+O0 4.262E+O0 O.OOOE+OO. 1422@-qOZ -l.614E+O0
WOO 7.433E+O0 6.173Ei.00 4.&251W0-O- 0.000E+O0 1.357E+01 1.376E+O0
:+00 7.8-23E+006;930E+O0 5.354E+O0 0.000E+OO 1.39013+01 1.257E+O0
+00 8.1OOE+OO 7.638E+O0 S.943E+O0 0.000E+OO 1.415E+01 1.236E+O0
+00 8.394E+O0 8.334E+O0 6.527E+O0 0.000E+OO 1.444E+01 1.264E+O0
+00 8.739E+O0 9.009E+O0 7.084E+O0 0.000E+OO 1.472E+01 1.317E+O0
*OO 9.122E+O0 9.670E+O0 7.620E+O0 0.000E+OO 1.500E+01 1.380E+O0
.00 9.450E+O0 1.026E+01 8.I08E+O0 0.000E+OO 1.529E+01 1.525E+O0
00 9.224E+O0 1.151E+OI 9.lllE+(jO 0.000E+OO 1.582E+01 1.584E+O0

00 8.927E+O01.273E+011.008E+01 0.000E+OO 1.633E+01 1.625E+O0

00 9.177E+O0 1.393E+01 1.101E+O1 0.000E.I.00 1.683E+01 1.675E+O0
00 9.697E+O0 1.511E+01 1..l95E+O3 0.000E+OO 1.732E+01 1.688E+O0



c

z

103

102

10’

10°

104

103

102

10’

p + 93Nb nonelastic and production cross sections

●✎✎
“. . . . . . . . . . . . . . . . . . . . . ..“. . . . . . . . . . . . . n... ..................... Y. .—— — ——— ——. ——- -—. P. ........

(x.. -. .-. .-. .-*.- ““..----~.. -#“’e“.-q.dG--D-- -------- ------- d
/,”.

#-*. &-.. W4=..H

( /“ tj: ~. O.-~.0*
~.a* &*@”. ●d...

~1 : ----------- -----
,, , ,./”4

1//!

1;1 Jt
.

1 1 / I 1 I I I I 1 I 1 I

I 1 I I I I I I I I I I I I I I

50 100
Incident Energy

150



p + ‘3Nb angle-integrated emission spectra



p+ ‘3Nb Kalbach preequilibrium ratios
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